Introduction
============

The stromal antigen 2 (STAG2) gene encodes a cohesion complex component that regulates sister chromatid separation during mitosis ([@b1-etm-0-0-4030]--[@b3-etm-0-0-4030]). It is recognized as a tumor suppressor gene, which disrupts the mitotic sister chromatid separation when inactivated. Kim *et al* ([@b4-etm-0-0-4030]) reported the loss of STAG2 expression in certain gastric, colorectal and prostate cancer cells when compared with the expression in their normal cell counterparts, implying the involvement of the gene in tumorigenesis. In addition, Solomon *et al* ([@b5-etm-0-0-4030]) identified a series of somatic STAG2 mutations in glioblastomas, melanomas and Ewing\'s sarcomas, including missense, nonsense and splice site mutations, as well as intragenic deletions, and the remaining wild-type alleles were found to be on the inactivated X chromosome. Loss of STAG2 expression was also observed in malignant hematopoietic cells, including certain leukemia and lymphoma cell lines ([@b5-etm-0-0-4030]). However, whether the dysregulated expression of the STAG2 gene is responsible for the occurrence and prognosis of acute myeloid leukemia (AML) remains unclear.

In the present study, the alterations in STAG2 expression were investigated in *de novo* AML patients.

Patients and methods
====================

### Patients and healthy volunteers

Between January 2009 and December 2012, bone marrow samples were obtained from healthy volunteers (n=17) and from AML patients upon diagnosis, all of which had been referred to the Jiangsu Institute of Hematology (The First Affiliated Hospital of Soochow University, Suzhou, China). A total of 127 patients were diagnosed with *de novo* AML according to symptoms, blood tests and bown barrow aspirate examinations, classified according to the French-American-British (FAB) classification system ([@b6-etm-0-0-4030]), were selected for analysis. All patients were Han Chinese (median age, 36 years; range, 8--61 years) and predominantly male (59.8%). The healthy volunteers were also Han Chinese (median age, 32 years; range, 11--56 years) and predominantly male (58.8%). Their ages and genders were not significantly different from the patient group. The main patient characteristics are summarized in [Table I](#tI-etm-0-0-4030){ref-type="table"}. Sample preservation and genetic analysis were performed following written informed consent from the patients and approval by the Ethics Committee of the First Affiliated Hospital of Soochow University, and the study experiments were in accordance with the Declaration of Helsinki.

### Cytogenetic analysis of AML samples

Cytogenetic analysis of bone marrow cells was performed to diagnosis AML. Samples were processed using standard 24-h unstimulated cultures. Conventional R-banding assay was used for karyotype analysis. Where possible, no fewer than 20 metaphases per sample were analyzed. Abnormal clonal karyotypes were described using the International System for Human Cytogenetic Nomenclature (ISCN, 2005).

### Molecular characterization of AML samples

The 29 common fusion genes identified in AML, including AML1-ETO, CBFβ/MYH11, PML/RARα, BCR/ABL, MLL/AF6, MLL/ELL and TLS/ERG, were assessed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) using previously described primers and PCR cycling conditions ([@b7-etm-0-0-4030]--[@b9-etm-0-0-4030]). Briefly, mononuclear cells were separated from the bone marrow samples of 127 *de novo* AML patients by Ficoll gradient centrifugation (400 × *g* for 30 min), and then subjected to total RNA extraction by TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA). The RNA concentrations were measured using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Inc.), according to the manufacturers instructions. Subsequently, cDNA was synthesized with a SuperScript II reverse transcriptase kit (Invitrogen; Thermo Fisher Scientific, Inc.) and random hexamers. A single PCR reaction was performed in a total volume of 25 µl, containing 1 µl of cDNA. The PCR amplification was conducted as follows: Initial denaturation at 95°C for 10 min, followed by 30 denaturation cycles at 95°C for 60 sec, primer annealing at 55°C for 30 sec and primer extension at 72°C for 30 sec. Separation of the PCR products was performed on 2% agarose, followed by visualization with GelRed (Biotium, Inc., Fremont, CA, USA). The quality of RNA was examined by PCR amplification and agarose gel electrophoresis analysis of ABL gene transcripts.

### Gene mutation detection of AML samples

FLT3 internal tandem duplication, NPM1 and C-KIT mutations were detected as reported previously ([@b10-etm-0-0-4030],[@b11-etm-0-0-4030]). All positive samples were confirmed by direct Sanger sequencing using an ABI 3730 DNA analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc., Foster City, CA, USA), according to the manufacturers instructions. Furthermore, CEBPA mutations were detected by direct DNA sequencing. The mutations were used to identify risk stasus according to the NCCN Clinical Practice Guidelines in Oncology (2015).

### RT-qPCR for the detection of STAG2 expression

Using the appropriate primers and PCR conditions, the expression of STAG2 was assessed by RT-qPCR according to the manufacturer\'s protocol. Briefly, total RNA was extracted from bone marrow mononuclear cells prepared with Ficoll gradient centrifugation, and then RNA concentrations were measured by fluorometry. Subsequently, cDNA synthesis was performed using an M-MLV reverse transcriptase kit (Promega Corp., Madison, WI, USA). For qPCR, the cDNA in samples was amplified using TaqMan Universal PCR Master Mix and a probe of STAG2 (Hs00198227_m1) in an Applied Biosystems 7500 Real-Time PCR system according to the manufacturer\'s protocol (all from Thermo Fisher Scientific, Inc.). Porphobilinogen deaminase (PBGD) was used as the internal control for relative quantification of gene expression in qPCR. The oligonucleotide sequences of the primers and probe are shown in [Table II](#tII-etm-0-0-4030){ref-type="table"}. STAG2 expression was quantified using the comparative 2^−ΔCq^ method.

### Statistical analysis

The Mann-Whitney U test was used to analyze differences in STAG2 expression levels between the following groups: Patients and healthy controls; male and female AML patients; and abnormal and normal karyotype groups of AML patients. Kruskal-Wallis H test was used to compare the favorable, intermediate and poor risk subgroups of AML patients, as well as the age subgroups. Differences were deemed statistically significant for P-values of \<0.05. Statistical analysis was performed using the SPSS software package (version 17.0; SPSS, Inc., Chicago, IL, USA).

Results
=======

### STAG2 expression in de novo AML

As shown in [Fig. 1](#f1-etm-0-0-4030){ref-type="fig"}, the relative expression levels of STAG2 were non-normally distributed in 127 *de novo* AML patients (median value, 7.33; range, 0.60--82.44) and normally distributed in 17 healthy volunteers (median value, 40.91; range, 11.67--100.69). STAG2 expression was found to be significantly lower in AML patients when compared with that in the healthy volunteers (P\<0.001). However, there was no statistically significant between-group difference in the gender distribution (P=0.890), or between the age subgroups in AML patients (P=0.288; data not shown).

As shown in [Table I](#tI-etm-0-0-4030){ref-type="table"}, the included AML patients were classified in the following FAB types: M0, M1, M2, M3, M4, M4EO, M5, M6 and M7. The median expression levels of STAG2 according to the FAB types are presented in [Table III](#tIII-etm-0-0-4030){ref-type="table"}.

### Correlation of STAG2 expression with cytogenetic features

Among the 127 *de novo* AML patients, abnormal karyotypes were detected in 68 cases (53.5%), including t(8;21), t(15;17), inv([@b16-etm-0-0-4030]), t(16;16), 11q23/MLL, complex abnormalities and other karyotypes ([Table I](#tI-etm-0-0-4030){ref-type="table"}). The median relative STAG2 expression levels in patients with abnormal and normal karyotypes were 8.59 (range, 0.60--59.95) and 6.71 (range, 1.41--82.44), respectively ([Fig. 2](#f2-etm-0-0-4030){ref-type="fig"}). The results indicated that there was no significant difference in the STAG2 expression between the abnormal and normal karyotypes (P=0.896).

### Association of STAG2 expression with risk status determined based on cytogenetics and molecular abnormalities

The 127 *de novo* AML patients were divided into three risk groups: Favorable (24.4%; 31/127), intermediate (52.0%; 66/127) and poor 23.6% (30/127) risk. As shown in [Fig. 3](#f3-etm-0-0-4030){ref-type="fig"}, the median relative STAG2 expression levels in these three groups were 9.37 (range, 1.50--59.90), 6.00 (range, 0.60--82.44) and 7.62 (range, 0.63--59.95), respectively. Between-group differences in STAG2 expression were not found to be statistically significant (P=0.503).

Discussion
==========

It has been suggested that STAG2 may be a 'caretaker' tumor suppressor gene that may lead to chromosomal instability when inactivated ([@b5-etm-0-0-4030]). In order to understand whether the expression of STAG2 is abnormal in AML, the present study determined the relative expression levels of STAG2 in 127 *de novo* AML patients and 17 controls (healthy volunteers) using RT-qPCR analysis.

The current results demonstrated a downregulated level of STAG2 gene expression in *de novo* AML when compared with that in the control subjects (P\<0.001), suggesting that STAG2 gene may serve an important role in AML development. The downregulation in STAG2 expression may be attributed to genetic mutation or deletion. Deletions of chromosome Xq25, where STAG2 is located, are occasionally observed in AML and myelodysplasia ([@b12-etm-0-0-4030],[@b13-etm-0-0-4030]), while STAG2 mutational hot spot regions (such as at exon 9, 11, 12 and 20) have been identified in acute leukemia ([@b14-etm-0-0-4030]). Mutations in the cohesin complex including STAG2 have recently been reported in a number of AML and myelodysplastic syndrome cases ([@b15-etm-0-0-4030]--[@b20-etm-0-0-4030]). In addition, Kon *et al* ([@b21-etm-0-0-4030]) reported the occurrence of multiple and recurrent mutations and deletions of cohesin complex genes, such as STAG2, RAD21, SMC1A and SMC3, in different myeloid neoplasms. Furthermore, a more recent study published in 2014 identified STAG2 as one of the most commonly mutated genes in bladder cancer ([@b22-etm-0-0-4030]). Furthermore, STAG2 may operate as a tumor suppressor through mechanisms that are distinct from those used to prevent aneuploidy. Previous observations have suggested that the recurrent inactivation of STAG2 (which is evident in bladder cancer) is not associated with aneuploidy ([@b23-etm-0-0-4030]).

The present study did not detected statistically significant differences in the gender distribution (P=0.890) and age subgroups (P=0.288) of the *de novo* AML patients. Furthermore, no association was observed between STAG2 expression and cytogenetic abnormalities, while no significant difference was identified in the levels of STAG2 expression between the favorable, intermediate and poor risk groups (P=0.503). These findings suggest that STAG2 gene expression is not associated with prognosis in AML patients.

In conclusion, the present study demonstrated the downregulation of STAG2 expression in *de novo* AML patients when compared with healthy controls; however, no significant difference in STAG2 expression was detected between the various risk groups. These results indicate that the downregulated STAG2 gene expression may contribute to AML development without being associated with AML prognosis. In order to investigate the underlying mechanism of the dysregulated STAG2 expression, the STAG2 gene in AML patients should be sequenced in future studies.
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###### 

Demographic and clinical characteristics of *de novo* acute myeloid leukemia patients (n=127).

  Parameter                                                         Value
  ----------------------------------------------------------------- ------------
  Median age (range), years                                         36 (8--61)
  Age group, n                                                      
    \<35 years                                                      47
    35--50 years                                                    43
    \>50 years                                                      37
  Gender, n                                                         
    Male                                                            76
    Female                                                          51
  French-American-British classification                            
    M0                                                                3
    M1                                                              17
    M2                                                              38
    M3                                                                5
    M4                                                              10
    M4EO                                                            17
    M5                                                              32
    M6                                                                4
    M7                                                                1
  Karyotype                                                         
    Normal                                                          59
    t(8;21)                                                         13
    t(15;17)                                                          5
    inv([@b16-etm-0-0-4030]), t(16;16)                              17
    11q23/MLL                                                         9
    Complex abnormalities                                           13
    Others                                                          11
  Risk status (based on cytogenetics and molecular abnormalities)   
    Favorable risk                                                  31
    Intermediate risk                                               66
    Poor risk                                                       30

###### 

Oligonucleotide primer and probe sequences used for quantitative polymerase chain reaction.

  Primer         Oligonucleotide sequence (5′-3′)
  -------------- ----------------------------------
  PBGD forward   GGCAATGCGGCTGCAG
  PBGD reverse   GGGTACCCACGCGAATCAC
  PBGD probe     CATCTTTGGGCTGTTTTCTTCCGCC

PBGD, porphobilinogen deaminase.

###### 

STAG2 expression in *de novo* acute myeloid leukemia based on FAB type.

  FAB classification   Cases (n)   Median level of STAG2 expression (minimum, maximum)
  -------------------- ----------- -----------------------------------------------------
  M0                     3         4.04 (2.60, 4.80)
  M1                   17          3.67 (0.63, 29.90)
  M2                   38          6.19 (0.60, 80.98)
  M3                     5         9.37 (5.55, 15.35)
  M4                   10          19.71 (2.39, 46.55)
  M4EO                 17          8.64 (1.50, 59.90)
  M5                   32          8.36 (1.92, 82.44)
  M6                     4         9.91 (1.41, 22.69)
  M7                     1         36.26
  Total AML cases      127         7.33 (0.60, 82.44)

STAG2, stromal antigen 2; FAB, French-American-British.
